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ABSTRACT 

Sequencing of protein with nanopores has emerged as a powerful tool offering rapid readout, high accuracy, low cost, and 
portability. There is an urgent need to improve the sensing accuracy of nanopores to effectively realize protein sequencing. 
However, controlling protein translocation rates remains a significant challenge. This study designed a graphene/Si3 N4 dual 
membrane cavity system to explore potential solutions for enhancing protein sequencing accuracy and efficiency. Charge 
regulation and cavity structure were employed to slow down the translocation rate of peptides in the Si3 N4 nanopore. The 
proposed Si3 N4 toroidal cavity structure successfully reduces peptide translocation rates by introducing physical steric hindrance 
and enhancing van der Waals adsorption. This structure not only substantially prolongs peptide residence time in the sensing 
region but also maintains excellent signal resolution, offering a potential approach to address the high bandwidth demands in 
single-molecule protein sequencing. The findings contribute to achieving high-resolution, high-throughput protein sequencing 
and advance the field of proteomics. 
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 Introduction 

roteins serve as vital biological macromolecules in living
rganisms, playing critical roles in human physiology [ 1 ]. The
unction or dysfunction of proteins largely depends on their
rimary structure, the amino acid sequence, which is essential for
etermining spatial structure and function [ 2 ]. However, protein
equencing is analytically more complex, with 20 canonical as
ell as hundreds of non-proteinogenic amino acids, including
any post-translational modifications [ 3–5 ]. Subtle changes to
his amino acid sequence may cause a dramatic loss of bioactivity
nd may consequently cause relevant diseases [ 6 ]. While Edman
egradation [ 7 ] and Mass Spectrometry [ 8, 9 ] are mature tech-
ologies for analyzing protein sequences and structures, these
nsemble-averaging methods struggle to capture instantaneous
onformational changes and stochastic dynamic behaviors at
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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the single-molecule level. Consequently, they possess inherent
limitations in revealing the details of protein folding and function
[ 3 ]. 

To overcome current technological bottlenecks, various emerg-
ing single-molecule techniques have been developed, including
tunneling currents [ 10–12 ], optical tweezers [ 13 ], fluorescence
fingerprinting [ 14, 15 ], and nanopore sequencing [ 16, 17 ]. These
methods aim to achieve sequencing or identification of single
proteins [ 18 ]. Among them, nanopore sequencing has garnered
significant attention due to its label-free, amplification-free, and
high-throughput characteristics [ 19, 20 ]. Its fundamental princi-
ple involves utilizing an applied electric field to drive individual
molecules through nanoscale channels [ 21, 22 ]. Ionic current
fluctuations could be observed as molecules pass through a
single nanochannel or nanopore [ 23, 24 ]. Subsequently, the ionic
se, which permits use, distribution and reproduction in any medium, provided the 
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2

urrent changes are decoded using base-calling algorithms to
haracterize the molecule and even determine the composition of
he molecule [ 25, 26 ]. This makes it an ideal potential technology
or protein sequencing [ 27 ]. 

n recent years, nanopore-based single-molecule sequencing has
een developed rapidly [ 28 ], with increasingly mature fabrication
rocesses for nanopores of various materials [ 29, 30 ]. However,
his technology faces a core contradiction, to precisely control
eptide translocation and minimize diffusion and regression
henomena, a high driving voltage is typically required. Paradox-
cally, this significantly shortens the peptide’s dwell time within
he pore. Under electric fields, protein molecules often pass
hrough the nanopore at rate exceeding the temporal resolution
imits of existing detection equipment for distinguishing single
mino acids [ 31–33 ]. Achieving an optimal translocation rate
emains a major challenge. Therefore, enabling proteins to pass
hrough nanopores at an appropriate rate is an urgent problem to
olve for more sensitive and precise protein sequencing. 

o date, researchers have proposed various strategies to control
he translocation rate of biomolecules to improve sensing preci-
ion. These include altering nanopore diameter [ 34, 35 ], material
 36–38 ], and charge [ 39 ]. Other methods involve adjusting
olution viscosity [ 40 ] or temperature [ 41 ]. However, adjusting
iscosity may introduce complex chemical background noise,
hile changing temperature can lead to biomolecule inactivation.
lternative approaches, such as magnetic tweezers or atomic
orce microscopy control [ 42 ] can also effectively regulate translo-
ation rate, but they introduce non-native complex substances
hat interfere with observations and affect signal quality. Conse-
uently, a simple and effective method is needed to slow down
roteins without complicating the sensing environment. 

n this work, we proposed a proof-of-concept method that
ealize nanopore-based protein deceleration and sensing using
raphene/Si3 N4 dual membrane cavity. Using molecular dynam-
cs (MD) simulations, we investigated the possibility of using
he designed cavity structure to slow down the translocation
ate of peptide. We found that simply forming cavity channel
r adjusting entrance charges does not effectively solve the
eceleration problem in the critical sensing region. Conversely,
he eccentric structure can effectively reduce the translocation
ate of peptide in the Si3 N4 nanopore region by enhancing
he interaction energy with the sidewalls. Furthermore, the
roposed Si3 N4 roundabout in the cavity can significantly slow
own the translocation rate of peptide by introducing physical
teric hindrance and enhancing the interaction energy. The
esigned structure in this work not only substantially prolongs
he dwell time of peptide in the sensing region but also maintains
ood signal resolution, providing an another potential solution
or the high-bandwidth demands of protein sequencing. These
esults contribute to the realization of high-resolution, high-
hroughput protein sequencing and promote the development of
roteomics. 

 Results and Discussion 

n this work, we first simulated peptide translocation through the
oaxially aligned nanopores at the center of the graphene/Si3 N4
of 11
dual membrane cavity structure (Figure 1 ). In this simulation,
both the graphene and Si3 N4 nanopores are aligned along the
central axis, creating a direct vertical path (Figure 1a ). Once the
negatively charged peptide is captured, it is driven through the
nanopores by the electrophoretic force generated by the exter-
nal electric field. The peptide undergoes a complete migration
process, it is firstly captured by the graphene nanopore, then
it enters the cavity and finally exits from the Si3 N4 nanopore
(Figure 1b ). The peptide translocated through the graphene
nanopore in approximately 4 ns. After passing through the
graphene nanopore, as both the graphene and Si3 N4 nanopores
are coaxially aligned in the middle of the cavity, the peptide then
quickly entered the Si3 N4 nanopore, ultimately completing its
translocation through the Si3 N4 nanopore in about 24 ns. Movie S1
shows the simulation trajectory of the whole process for translo-
cation. Figure 1c describes the I –V characteristic relationship of
the system under different voltages. For this system, we observe a
linear relationship between the bias voltage and the ionic current,
indicating compliance with Ohm’s law. Strong electric fields force
cations (K+ ) and anions (Cl− ) to move in opposite directions,
thereby generating an open-pore current. Additionally, we per-
formed additional simulations using the same system but for
different electric fields, see Figure S1 . Furthermore, the two-
dimensional electrostatic potential distribution along the pore
axis indicates that the voltage drop is primarily concentrated
at the nanopore region (Figure 1d ), serving as the primary
driving force for the quick and successful translocation of peptide
through the coaxially aligned nanopores at the center of the
graphene/Si3 N4 dual membrane cavity structure. 

The above simulation results indicate that the peptide transloca-
tion through the nanopore rapidly under the strong external elec-
tric force. As the peptide is captured and translocating through
the nanopore, it generates distinct ionic current blockade signals
(Figure 1e ) during its permeating process. Here, to separately
investigate the translocation process and dynamics of peptide
through the graphene nanopore, cavity and Si3 N4 nanopore
in sequence, we defined the time required for the peptide to
translocate through the graphene nanopore as TGRA , the time for
peptide translocation through the cavity channel as TCAV , and the
time for peptide translocation through the Si3 N4 nanopore as TSIN .
Since the graphene and Si3 N4 nanopores are coaxially aligned
and located at the center of cavity structure, the peptide enters
the Si3 N4 nanopore immediately after translocation through the
graphene nanopore, the total translocation time is then defined as
the sum of the times required to translocation through both pores.
Statistical analysis of peptide residue number, center of mass
(CoM) positions, and ionic current trace vs. time are performed.
The results show that two current levels are observed sequentially
due to peptide residing in the graphene nanopore and Si3 N4 
nanopore respectively, and finally the current recovers to the
open-pore current after the peptide fully translocated through the
cavity structure. Similar results for other three successful peptide
translocation cases through the cavity structure are presented
in Figure S2 . Interestingly, for almost all the simulations, we
observed extremely rapid translocation of the peptide through the
entire system, such short dwell times actually prevent collection
of sufficient current signal data to distinguish amino acid types,
indicating that effective deceleration of peptide in the cavity
structure is very essential for nanopore based protein detection
and sequencing. 
Advanced Science, 2026



FIGURE 1 Simulations of peptide translocation through the coaxially aligned nanopores at the center of the graphene/Si3 N4 dual membrane 
cavity structure. (a) Side and top view of the simulation system. The Si3 N4 is shown in yellow, with the nanopore boundary highlighted in red. The 
graphene is shown in gray. The peptide consisting of nine amino acids is shown using vdW spheres. The cyan transparent surface represents the liquid 
solution. Potassium and chloride ions are displayed as small magenta and green spheres, respectively, distributed throughout the solution. (b) A series 
of microscopic configurations of peptide translocation through the cavity structure vs. time, which observed as the peptide moves electrophoretically 
from the cis side to trans side. (c) I–V characteristics of the system obtained from simulations of the bare pores. The applied biases range from − 1 to 1 V, 
incremented by 0.2 V. Error bars represent the standard deviation. (d) The electrostatic potential along the coaxially aligned nanopore axis under an 
electrical field of 10.21 mV/Å. The dashed line indicates the position of the system center along the z-axis. (e) The number of protein residues permeated 
through the Si3 N4 nanopore, the center of mass position of peptide along z axis and the ionic current trace vs. time during the entire translocation process 
of peptide through the cavity structure, respectively. For the current trace, the red and blue regions correspond to the peptide translocation through the 
graphene and Si3 N4 nanopores; while the green region corresponds to that the peptide has fully exited the Si3 N4 nanopore. 
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A

n a typical nanopore sensor, a charged nanopore would reduce
he translocation speed of molecules that carry like charges
ue to the repelling force between the nanopore and molecules
s well as the electroosmotic force generated in the charged
anopore. Based on the simulation system shown in Figure 1 ,
harges are assigned to the graphene nanopore to study the
ffect of surface charge density ( σ) on the peptide translocation
ynamics through the cavity structure (Figure 2a ). Figure 2b
llustrates the typical migration conformation of the peptide for
he surface charge density of − 0.016 mC / m2 . Movie S2 shows
he simulation trajectory of the whole process for translocation.
dditional simulation results regarding the number of protein
esidues permeated through the Si3 N4 nanopore, center of mass
osition of the peptide, ionic current trace are provided in Figure
3 . Figure 2c shows the time required for the peptide translocation
hrough the system under different surface charge densities. The
esults indicate that compared to the uncharged condition, a
egatively charged graphene nanopore does increase the total
ranslocation time for peptide translocating through the cavity
tructure, and this increment is primarily attributed to the time
ranslocation through the graphene nanopore (Figure S4 ) with
ifferent charges. 
dvanced Science, 2026
Furthermore, as shown in Figure 2d , the peptide can only suc-
cessfully translocate through graphene nanopores with surface
charge density magnitude smaller than 0.128 mC / m2 , further
increasing the amplitude of surface charge density (for example,
σ = − 0.128 mC / m2 ), prevents the peptide being captured by the
nanopore and keeps the peptide outside the nanopore. To unveil
the mechanism, we analyzed the interaction energy between the
peptide and graphene membrane. As shown in Figure 2e,f , σ =
− 0.016 mC / m2 , the peptide initially approaches the negatively
charged graphene nanopore driven by the electric force. During
this initial process, the van der Waals energy and the electrostatic
energy are opposite as the graphene surface attracts the peptide
(vdW force dominates) and the charged nanopore repels the pep-
tide with like charges (electrostatic repelling force dominates).
Subsequently, as the peptide approaches the graphene surface,
the strong electric field force and van der Waals force overcome
the electrostatic repulsion, successfully making the peptide be
trapped by the nanopore. The bias voltage serves as the primary
driver, helping the peptide overcome the initial energy barrier.
However, when σ = − 0.128 mC / m2 , the initial electrostatic
repulsion energy is approximately 150 kcal/mol, far exceeding
the vdW attraction. This creates an energy barrier higher than
3 of 11



FIGURE 2 Simulations of peptide translocation through the coaxially aligned nanopores at the center of the graphene/Si3 N4 dual membrane 
cavity structure with charged graphene nanopore. (a) Top view of the simulation system. The coloring method for all the materials in the system is same 
as that used for Figure 1 . The yellow dashed highlights the red graphene nanopore, indicating that the surface charge density of graphene nanopore is 
tuned in the simulations. (b) A series of microscopic configurations of peptide translocation through the cavity structure vs. time, were obtained with the 
graphene nanopore surface charge density of − 0.016 mC / m2 . (c) Translocation time of the peptide through the cavity structure under different surface 
charge densities. (d) The center of mass position of the peptide along z axis vs. time for different surface charge densities. (e) The interaction energy 
between the peptide and graphene membrane vs. time with surface charge density of − 0.016 mC / m2 . Electrostatic interaction energy and van der Waals 
interaction energy are represented by green and purple solid lines, respectively. (f) Similar to panel e but for the surface charge density of − 0.128 mC / m2 . 
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4

he energy provided by the electrophoretic drive, resulting in
apture failure. However, once the peptide is captured by the
raphene nanopore, it is quickly captured by and translocates
hrough the Si3 N4 nanopore. In summary, regulating the charge of
he graphene nanopore can slightly reduce the translocations rate
hrough the graphene pore itself but cannot effectively decelerate
he peptide through the Si3 N4 nanopore in the cavity structure. 

o slow down the translocation rate of the peptide through the
i3 N4 nanopore in the cavity structure, we attempted to offset
he positions of the graphene and Si3 N4 nanopores to one side
f the system, forming a graphene/Si3 N4 dual membrane cavity
tructure with the coaxially aligned nanopores displaced from the
enter of the cavity structure, as shown in Figure 3a,b . This design
ims to investigate whether positioning the Si3 N4 nanopore closer
o the sidewalls affects the peptide’s translocation rate. Movie
3 shows the simulation trajectory of the whole process for
ranslocation. For the eccentric nanopores, the peptide could also
uccessfully translocate through them, see the z component of the
eptide’s CoM shown in Figure 3c . The corresponding amino acid
esidue number of peptide permeating through the nanopore is
hown in Figure S5 . Furthermore, as the distance ( L ) between the
anopore and the cavity center increases, the time required for
he peptide to translocate through the Si3 N4 nanopore increases
of 11
significantly (Figure 3d ). Interaction energy analysis reveals that
as the distance L increases, the interaction energy between the
peptide and the Si3 N4 strengthens (Figure 3e ). This indicates that
the adsorption capacity of the Si3 N4 for the peptide becomes
stronger, effectively slowing down its translocation rate. Multiple
sets of data on the interaction energy are provided in Figure S6 .
Figure 3f clearly compares the translocation time through the
graphene and Si3 N4 nanopores across the three systems shown
in Figures 1–3 . The results show that while the surface charge on
graphene nanopore only slightly increases the translocation time,
by placing the coaxially aligned nanopores away from the cavity
center significantly increases the translocation time through the
Si3 N4 nanopore. 

In all three systems described above, it is found that the pep-
tide translocates fast through the cavity channel. To investigate
whether it is possible to slow down the peptide translocation
inside the cavity channel, we set up another cavity structure
that makes the graphene and Si3 N4 nanopores misaligned, and
the two nanopores are distributed on both sides of the cavity
structure, as shown in Figure 4a . This physical misalignment of
the two nanopores forces the peptide to move laterally between
the two nanopores to pass through the cavity channel. Figure 4b
shows the microscopic configurations of the peptide translocation
Advanced Science, 2026



FIGURE 3 Simulations of peptide translocation through the coaxially aligned nanopores displaced from the center of the graphene/Si3 N4 dual 
membrane cavity structure. (a) Top view of the simulation system (graphene layer transparent for clarity). The coloring method for all the materials in 
the system is same as that used for Figure 1 . (b) Side view of the simulation system. L denotes the distance between the center of nanopore and the center 
of cavity structure. (c) The center of mass position of the peptide along z axis vs. time for different L values; the insert figure shows a typical example 
of the microscopic conformation of peptide passing through the cavity structure. (d) The translocation times required for the peptide passing through 
the separate graphene and Si3 N4 nanopores for different L values, respectively. (e) The interaction energy between the peptide and Si3 N4 membrane vs. 
time for different L values. (f) Comparison of the translocation time required for the peptide passing through the cavity structures. 
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hrough the system. The corresponding CoM of peptide is shown
n Figure S7 . Movie S4 shows the simulation trajectory of
he whole process for translocation. The peptide firstly passes
hrough the graphene nanopore, then it moves laterally within
he cavity for due to the misalignment of the two nanopores,
nd finally exits the Si3 N4 nanopore. We also observed that the
igration rate increases with the intensity of the external electric
ield (Figures 4c,d ). We then compared the translocation times,
s shown in Figure 4e , under an electrical field of 10.18 mV/Å,
he time for misaligned structure is only a few nanoseconds
onger than that for eccentric structure as the distance L increases.
nalysis of the translocation time reveals that the total time for
eptide translocating through the misaligned nanopore cavity
tructure consists of the time through the graphene pore, the
i3 N4 nanopore, and the cavity channel. Aside from TCAV , the
dvanced Science, 2026
times for the other two stages are basically comparable with
the former three systems (Figure 4f ). Thus, misaligning the
two nanopores only increases the translocation time inside the
cavity, however the actual translocation velocity through the
individual pores (graphene and Si3 N4 nanopores) is not obviously
influenced. 

Based on the above findings, we further proposed the toroidal
cavity structure to study whether it is feasible to reduce pep-
tide translocation rate. In this design, a roundabout (radius R )
is retained within the cavity, forcing the peptide to navigate
around a physical obstacle and move closely against the walls
while passing through the cavity channel. For simulations of
peptide translocation through the misaligned nanopores in the
graphene/Si3 N4 dual membrane cavity structure with a round-
5 of 11



FIGURE 4 Simulations of peptide translocation through the misaligned nanopores in the graphene/Si3 N4 dual membrane cavity structure. (a) 
Top view and side view of the simulation system (graphene layer transparent for clarity). The distance from the graphene and Si3 N4 nanopores to 
the center of the system is L. The coloring method for all the materials in the system is same as that used for Figure 1 . (b) A series of microscopic 
configurations of peptide translocation through the cavity structure vs. time. The peptide moves electrophoretically from cis side to trans side under an 
electric field of 10.18 mV/Å ( L = 20). (c) The number of protein residues permeated through the Si3 N4 nanopore vs. time (d) The effect of external field 
strength E (mV/Å) on the translocation time of the peptide through the cavity structure. (e) Translocation time of the peptide through the system with 
different distances L . (f) Translocation time comparison for the peptide moving through the graphene nanopore, cavity and Si3 N4 nanopore. 
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6

bout located at the middle of the cavity, the distance ( L = 20)
etween the two nanopores and the center of the system remains
onstant (Figure 5a ). We investigated the effect of this structure
n peptide translocation rate by varying the roundabout radius
 (Figure 5b ). Figure 5c shows the microscopic configurations
f peptide conformation during its translocation process. Movie
5 shows the simulation trajectory of the whole process for
ranslocation. The peptide firstly passes through the graphene
anopore, then begins to permeate towards the Si3 N4 nanopore
hile wrapping around the roundabout due to the physical
bstruction. It is found that the translocation time increases with
adius R . For example, when the radius of roundabout reaches
0 Å the toroidal cavity structure extends the translocation time
early eight times longer than that for the system (central
tructure) shown in Figure 1 . Comparing the other systems
escribed in the work, under identical conditions, the interaction
nergy in the toroidal cavity is far greater. The interaction
nergy plotted in Figure 5d shows that the strong interaction
etween the peptide and Si3 N4 significantly reduces the peptide’s
ranslocation rate, proving that the deceleration primarily stems
rom enhanced van der Waals interactions due to increased inter-
ction area between the peptide and Si3 N4 material. The toroidal
tructure exerts both steric hindrance and interaction effects,
onsequently, the translocation rate is substantially reduced
of 11
not only in the cavity channel but, more importantly, in the
critical Si3 N4 nanopore region. The introduction of the toroidal
cavity significantly prolongs the duration of current blockade
(Figure 5e ). Similar results for three other successful peptide
translocation cases through the Si3 N4 nanopore are presented
in Figure S8 . Analysis of TGRA , TCAV , and TSIN shows significant
increases in all stages (Figure S9 ). It is evident that this system
achieves a complete deceleration of the peptide migration process
by incorporating a toroidal cavity structure at the center. Notably,
the specific stages of peptide translocation through the Si3 N4 
nanopore reveal a unique stick-slip dynamic process of peptide,
the enhanced vdW forces between the peptide and the cavity
walls are strong enough to counteract the electric drive, inducing
observable pauses. This quasi-static behavior greatly extends the
signal acquisition window, which is vital for improving temporal
resolution. Importantly, the blocking currents generated as the
peptide sequentially passes through the graphene nanopore,
the cavity, and the Si3 N4 nanopore differ, resulting in a multi-
stage continuous current trace that provides high-resolution
spatial localization of the peptide. In conclusion, the toroidal
cavity structure significantly reduces peptide translocation rate,
particularly through the critical sensing region, providing a
potential solution for high-resolution protein sequencing based
on nanopores. 
Advanced Science, 2026



FIGURE 5 Simulations of peptide translocation through the misaligned nanopores in the graphene/Si3 N4 dual membrane cavity structure with a 
roundabout located at the middle of the cavity. (a) Side view and top view of the simulation system (graphene layer transparent for clarity). The coloring 
method for all the other materials in the system is same as that used for Figure 1 . (b) The translocation time of the peptide through the cavity structure 
under different radius of roundabout. (c) A series of microscopic configurations of peptide translocation through the cavity structure vs. time. The peptide 
moves electrophoretically from the cis side to trans side of the cavity structure with R = 10 Å of the roundabout. (d) The interaction energy between the 
peptide and Si3 N4 vs. time. (e) The number of protein residues permeated through the Si3 N4 nanopore, the center of mass position of peptide along z axis 
and the ionic current trace vs. time during the entire translocation process of peptide through the cavity structure, respectively. Compared to the system 

shown in Figure 1 , this system includes an additional time (shown by the orange region) that is for the peptide moving around the Si3 N4 roundabout. 
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A

n this study, by constructing a Graphene/Si3 N4 dual membrane
avity system, a spatial geometry-driven multi-level regulation
trategy was successfully implemented. This structure achieves
ierarchical control over the entire protein translocation process
y independently regulating charge capture at the graphene
anopore, geometric movement trajectories within the cavity,
nd the sensing environment of the Si3 N4 nanopore, thereby
vercoming the limitations of traditional single-membrane struc-
ures in controlling translocation speeds. Furthermore, the highly
haracteristic multi-level continuous current traces generated by
his system exhibit exceptional sensing value, providing high-
esolution spatial localization for the molecule’s translocation tra-
ectory. Specifically, the current steps produced by the graphene
ore and the cavity can serve as trigger signals (pre-warning
ignals) before the peptide enters the critical Si3 N4 sensing
egion. This finding demonstrates the significant potential of
he dual membrane cavity structure in achieving high-precision,
igh-spatial-resolution protein sensing. 

dditionally, to verify the universality of the toroidal cavity
tructure, this study supplemented simulations for two different
eptide sequences by replacing Ala at the fourth position with
eu and Tyr (denoted as EL and EY, respectively, while the
riginal peptide is denoted as EA). Their translocation times and
onic current traces are detailed in Figures S10 and S11 . The results
how that replacing Ala with Leu or Tyr in the peptide sequence
ignificantly increases the translocation time. By comparing Ala
dvanced Science, 2026
(small side chain), Leu (large hydrophobic side chain), and
Tyr (bulky aromatic side chain), it is demonstrated that despite
the different physicochemical properties of the side chains,
the toroidal cavity structure consistently produces a significant
deceleration effect. Due to the relatively larger molecular weights
of Leu and Tyr, the larger and more complex side chains lead to
stronger adsorption between the peptide and the cavity, further
prolonging the translocation time. Moreover, Tyr possesses an
aromatic ring structure, resulting in an average current blockade
significantly larger than that of Ala. These simulation results
confirm the applicability of the dual membrane cavity system
to other sequences and its capability to distinguish between
different peptide sequences. 

We acknowledge the fabrication challenges associated with engi-
neered cavity geometries. However, we have provided a feasible
fabrication roadmap and preliminary results. Using Focused Ion
Beam (FIB) milling, we have successfully etched a circular cavity
and a Si3 N4 nanopore at specific positions on a Si3 N4 mem-
brane (see in Figure S12 ). For graphene attachment, mechanical
exfoliation offers a high-quality lattice structure preferred for
physical research. We successfully transferred graphene onto
the Si3 N4 membrane, confirmed by Raman spectroscopy (Figure
S13 ). The complex toroidal cavity can be realized via Electron
Beam Lithography (EBL) and Reactive Ion Etching (RIE). The
process involves defining an annular exposure area with EBL,
followed by RIE to create a toroidal groove surrounding a central
7 of 11
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8

illar. Finally, FIB is used to drill the nanopore. This mature
ombination of EBL for pattern definition, RIE for depth control,
nd FIB for precision nanopore drilling provides a technologically
easible pathway. 

 Conclusion 

his study addresses the issue of excessively translocation rates of
roteins in nanopores sequencing by proposing and designing a
raphene/Si3 N4 dual membrane cavity system. Through molec-
lar dynamics simulations, we systematically investigated the
ffects of different structures on the migration behavior of pep-
ide, aiming to identify control strategies that effectively reduce
eptide translocation rates without increasing the complexity of
he sensing environment. Results indicate that extremely rapid
ranslocation of the peptide through the entire system, in the
nitial central structure. Through charge regulation, we discov-
red that electrically charged graphene nanopores can slightly
low down peptide translocation through the graphene nanopore,
ut fail to reduce translocation rate through the Si3 N4 nanopore.
oreover, when σ = − 0.128 mC / m2 , the initial electrostatic
epulsion energy reached approximately 150 kcal/mol, far exceed-
ng the van der Waals attraction. This resulted in an energy
arrier higher than the energy provided by electrophoretic drive,
ltimately causing capture failure. However, once a peptide was
aptured by the graphene nanopore, it was rapidly transported
hrough the Si3 N4 nanopore. 

ext, we explored altering nanopore positioning. In the eccentric
tructure, coaxial dual nanopores were displaced from the center
f system. As the distance L increased, the interaction energy
etween the peptide and Si3 N4 strengthened. This indicates
nhanced adsorption of the peptide by Si3 N4 , effectively slowing
ts penetration rate. Consequently, shifting the coaxially aligned
anopores away from the center significantly slow down the
eptides translocation rate to traverse the Si3 N4 nanopore. In
he misaligned structure, the two nanopores are offset. As the
istance L increases, the time for misaligned structure is only a
ew nanoseconds longer than that for eccentric structure. This
isalignment merely increases the translocation time within the
avity, but the actual translocation rate through individual pores
graphene and Si3 N4 nanopores) is not obviously influenced. 

ased on the above findings, we further the toroidal cavity
tructure. This system incorporates a toroidal cavity channel,
orcing the peptide to navigate around a physical obstacle and
ove closely against the walls while passing through the cavity
hannel. This achieves complete deceleration of peptide migra-
ion, with translocation time nearly eight times longer than in the
nitial central structure. Moreover, the enhanced van der Waals
orces between peptides and cavity walls sufficiently counteracted
he electric drive, inducing observable pauses. This quasi-static
ehavior substantially extended the signal acquisition window,
roving crucial for enhancing temporal resolution. In summary,
he toroidal cavity structure significantly reduced peptide translo-
ation rate, offering a potential solution for high-resolution
rotein sequencing based on nanopores. 

his study designed a graphene/ Si3 N4 dual membrane cavity
ystem to investigate peptide translocation processes through
of 11
multiple strategies, aiming to control peptide translocation
rates through nanopores and uncover underlying mechanisms.
Although the translocation rate of central structure peptides
was initially rapid, successful reduction of protein translocation
rate in the Si3 N4 sensing system was achieved through charge
regulation and cavity structure modification. This provides the-
oretical guidance for designing nanopore structures with higher
sensitivity and selectivity, offering a feasible approach to meet
the high-bandwidth demands of protein sequencing. We antic-
ipate these findings will advance the future development of
nanopore sequencing technology and drive new breakthroughs
in biomedical and proteomics research. 

4 Methods 

All simulations in this work were performed using the NAMD
2.14 program with a time step of 2 f s [ 43 ]. Periodic boundary condi-
tions were applied along the x , y , and z directions. The simulation
system constructed in this study consists of Si3 N4 membrane,
graphene membrane, peptide molecule, potassium ions (K+ ),
chloride ions (Cl− ), and water molecules. The CHARMM36 force
field and CUFIX corrections were used [ 44, 45 ], and all graphene
atoms were treated as aromatic carbons of atom type CA. The
Si3 N4 membrane thickness is 3.4 nm. A cylindrical cavity with a
diameter of 8.6 nm is etched into the upper half region of the Si3 N4
membrane, while a Si3 N4 nanopore with a diameter of 1.4 nm is
generated in the lower half region. Subsequently, a single-layer
graphene is transferred on the Si3 N4 membrane to form a cavity. A
nanopore is also drilled in the graphene membrane to allow ions,
water molecules and peptides to permeate through the cavity
structure. The sequence of the peptide is EEEAEDLQV. To con-
serve computational resources and focus on the Si3 N4 nanopore
region, the graphene pore diameter was set to 1.7 nm, and
the peptide molecule was initially positioned 0.3 nm above the
graphene pore to ensure rapid capture. Potassium and chloride
ions were added to the system to maintain its neutrality, resulting
in a final ion concentration of 1 M. The final system contained
approximately 67 000 atoms. Harmonic constraints of 10.0 kcal
mol− 1 Å− 2 were applied to all atoms on the Si3 N4 membrane
to constrain them at their initial positions. To prevent the
protein molecule from drifting away from the nanopore during
minimization and equilibration, a harmonic constraint of 1.0 kcal
mol− 1 Å− 2 was applied to the protein. The system temperature
was maintained at 295 K using a Langevin thermostat applied
to all heavy atoms [ 46, 47 ], with a damping coefficient of 1 ps− 1 .
The RATTLE [ 48 ] and SETTLE [ 49 ] algorithms were utilized to
handle covalent bonds involving hydrogen atoms in proteins and
water molecules, respectively. The particle mesh Ewald (PME)
algorithm was utilized to calculate the long-range electrostatic
interaction over a 1 Å-spaced grid [ 50 ]. The system underwent
energy minimization for 9,600 steps using the conjugate gradient
method, followed by equilibration for 24 ns under constant
number of atoms, pressure, and temperature (NPT) ensemble.
During the simulation, the protein molecule was fully released
to allow successful electrophoretic translocation through the
nanopore. Production simulations under external electric field
strength were performed under constant number of atoms,
volume, and temperature (NVT) ensemble. Instantaneous ionic
current was calculated by dividing the sum of ionic displacements
between consecutive frames of the simulation trajectory by the
Advanced Science, 2026
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ime interval. Visual Molecular Dynamics (VMD) and Tcl scripts
ere used to view and analyze all simulation trajectories. All
ata were sampled at 2.4 ps intervals. Ionic currents were
lock-averaged in 0.24 ns units. Each condition was replicated
t least three times. All data are expressed as mean ± stan-
ard error. Ionic currents were calculated using the formulas
elow: 

𝐼( 𝑡 ) = 1 

𝛿𝑡𝐿𝑧 

𝑁 ∑
𝑗= 1 

𝑞𝑗 𝛿𝑧𝑗 ( 𝑡 ) (1)

𝛿𝑧𝑗 ( 𝑡) =
⎧ ⎪ ⎨ ⎪ ⎩ 

𝑧𝑗 ( 𝑡 + 𝛿𝑡) − 𝑧𝑗 ( 𝑡) , |𝑧𝑗 ( 𝑡 + 𝛿𝑡) − 𝑧𝑗 ( 𝑡) | < 𝐿𝑧 ∕2 

𝑧𝑗 ( 𝑡 + 𝛿𝑡) − 𝑧𝑗 ( 𝑡) + 𝐿𝑧 , 𝑧𝑗 ( 𝑡 + 𝛿𝑡) − 𝑧𝑗 ( 𝑡) < −𝐿𝑧 ∕2 
𝑧𝑗 ( 𝑡 + 𝛿𝑡) − 𝑧𝑗 ( 𝑡) − 𝐿𝑧 , 𝑧𝑗 ( 𝑡 + 𝛿𝑡) − 𝑧𝑗 ( 𝑡) > 𝐿𝑧 ∕2 

(2)
here δt = 2.4 ps, Lz is the length of the system in the z direction, N
s the number of ions, qj and zj are the charge and z coordinate of
he j th atom, respectively. To reduce the uncertainty of the current
alculation, the equation runs over all ions. 

 total of five different model systems were constructed, denoted
s coaxially aligned nanopores at the center of the graphene/Si3 N4
ual membrane cavity structure (center structure), coaxially
ligned nanopores at the center of the graphene/Si3 N4 dual mem-
rane cavity structure with charged graphene nanopore (charge
egulation), coaxially aligned nanopores displaced from the cen-
er of the graphene/Si3 N4 dual membrane cavity structure (eccen-
ric structure), misaligned nanopores in the graphene/Si3 N4
ual membrane cavity structure (misaligned structure) and
isaligned nanopores in the graphene/Si3 N4 dual membrane
avity structure with a roundabout located at the middle
f the cavity (toroidal structure). Comparing results obtained
rom these five cavity structures, it allows for a progressive
nderstanding of structural design laws regarding entrance
harge regulation, geometric pore offset, and cavity morphol-
gy engineering to slow down the translocation rate of pep-
ide in the Si3 N4 nanopore without complicating the sensing
nvironment. 
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